In this work, we developed a label-free, homogeneous surface-enhanced Raman-scattering (SERS) platform for the rapid, simple and sensitive detection of Ag + by using the unmodified gold nanoparticles (AuNPs). It utilizes the different absorption properties of single-strand DNA (ssDNA) and double-strand DNA (dsDNA) on citrate-coated AuNPs and specific interactions between Ag + and cytosine-cytosine pairs. In the presence of Ag + , the structure of ssDNA containing rich cytosine will form a duplex, resulting in the salt-induced aggregation of gold nanoparticles; the corresponding SERS signal transduction can be observed due to the plasmonic coupling of metallic nanoparticles. The assay possesses a superior signal-to-background ratio as high as ~35.8 with a detection limit of 15 nM. This approach is not only rapid and convenient in operation, but also shows excellent selectivity, which makes it possible to detect Ag + in actual samples.
Introduction
Heavy-metal pollution in water, air, soil, or foods has remained a serious concern across the world for decades. 1 Silver ion (Ag + ), serving as a widely used antibacterial agent 2 and a transcriptional initiator in plants 3 and mammals, 4 has become one of the severe environmental pollutants. Ag + has serious medical effects on human health. Excessive exposure to silver may cause anemia, cardiac enlargement and growth retardation. 5 Traditional silver assays are usually performed with a wealth of established techniques, including atomic absorption/emission spectroscopy, 6, 7 inductively coupled plasma mass spectroscopy, 8 and fluorescence spectrometry. 9 Since these techniques are expensive, time-consuming, and require tedious sample preparation and enrichments, it is of great importance to develop a simple, sensitive, and reliable assay of Ag + residues for improving food safety and environmental protection.
Recently, the surface-enhanced Raman-scattering (SERS) technique has become one of the most widely pursued spectroscopic tools, because of its unique advantages, including high sensitivity, unique spectroscopic fingerprint, and nondestructive data acquisition. Investigations have shown that nanogaps between two or more metal particles are associated with plasmonic "hot spots", and that SERS can greatly increase when the gap distance is reduced; 10, 11 that is to say, the SERS signals can be controlled and modulated by electromagnetic field enhancement in interparticle plasmon coupling. Based on this mechanism, many biosensers have been established for the detection of various biomolecules, including peptides, [12] [13] [14] proteins, [15] [16] [17] [18] [19] DNA and RNA, [20] [21] [22] pathogen, [23] [24] [25] and living cells. [26] [27] [28] Studies have found that single-stranded DNA (ssDNA) can absorb on the surface of citrate-coated gold nanoparticles (AuNPs) through electrostatic interactions, which can prevent the AuNPs against salt-induced aggregation, 29 while the double-strand DNA (dsDNA) does not. 30 When Raman tags are attached to the surface of AuNPs, the aggregation of AuNPs might give rise to the plasmonic coupling of interparticle and the formation of many SERS ''hot spots'', resulting in the enormous enhancement of Raman scattering.
Inspired by these observation, we developed a label-free, homogeneous SERS platform for the rapid, simple and sensitive detection of Ag + . Our design is implemented based on the distinct SERS increasing effects of different assemble conditions of AuNPs. In this work, cytosine (C)-rich ssDNA fragments (C-ssDNA) enwind onto AuNPs to form a stable AuNPs/C-ssDNA complex. The addition of Ag + could weaken such stability, due to the formation of Ag + mediated C-Ag + -C base pairs. 31 Therefore, when enough salt exists, the AuNPs colloidal solutions with Ag + will aggregate to generate enhanced Raman signals. Our proposed method employs unlabeled AuNPs, which avoids the time-consuming and complicated covalent modification process of metallic nanoparticles, and significantly simplifies the procedure of SERS detection.
Moreover, compared with the colorimetric methods, our biosensor strategy can afford an increased signal-to-background ratio and avoid endogenous color interferences from the analyte. Combining these unique features, this nano-biosensor can provide a sensitive, robust, rapid, and convenient approach for Ag
Experimental

Reagents and Apparatus
Hydrogen tetrachloroaurate(III) (HAuCl4·4H2O) was purchased from Beijing Dingguo Biotechnology Development Center (China). Mops (C7H14NO4SNa) and sodium citrate (C6H5Na3O7) were all purchased from Sangon Biotechnology Inc. (Shanghai, China). Crystal violet was purchased from Tianjin Kermel Chemical Reagent Co., Ltd. (Tianjin, China). The C-rich DNA oligonucleotides were synthesized by Sangon Biotechnology Inc., and had the following sequence: 5′-CTCTCTTCTCTTCAAAAAACAACACAACACAC-3′. All other reagents were of analytical reagent grade, and were used without further purification or treatment. Ultrapure water was obtained through a Millipore Milli-Q water-purification system (Billerica, MA) and had an electric resistance of 18.3 MΩ.
The Raman spectra were recorded on a silicon wafer using a Renishaw InVia Reflex Raman microscope (Renishaw, England) equipped with a 633-nm HeNe laser with a slit of 1 mm width and a 5× objective. The SERS spectra were acquired using a laser beam exposure time of 10 s and an accumulation of 1 scan. UV-visible absorption spectra were recorded on a Shimadzu UV-2450 UV/vis spectrophotometer (Kyoto, Japan). Transmission electron microscopy (TEM) images were obtained on a field-emission high-resolution 2100F TEM (JEOL, Japan) at an acceleration voltage of 200 kV. Samples for TEM analysis were prepared by pipetting 6 μL of colloidal solutions onto carbon-coated copper grids; the grids were dried naturally in air, and were then loaded into the vacuum chamber of the electron microscope.
Synthesis of AuNPs
Citrate-capped AuNPs of ~30 nm in diameter were synthesized according to documented protocols, [32] [33] [34] as briefly described as follows: 3 mL of sodium citrate (1% w/w) was added rapidly under vigorous stirring in a 100 mL boiling solution of HAuCl4 (0.02% w/w, 99.99% purity). Within several minutes, the solution color changed to wine red. The solution was heated under reflux for another 20 min to ensure complete reduction, it was then slowly cooled to room temperature, and stored at 4 C before use. The size of the AuNPs was analyzed by TEM to be ~30 nm. The concentration of the AuNPs was estimated to be 5.2 × 10 -10 M, based on an extinction coefficient of 3.0 × 10 9 M -1 cm -1 at 530 nm for 30 nm AuNPs.
SERS-based detection of Ag +
For Ag + detection, 50 μL of AuNPs colloidal solution, 8 μL of H2O, 10 μL of Mops buffer (0.1 M, pH 7.0), 3 μL of 10 μM DNA probe, 10 μL of 1 μM crystal violet, and 5 μL of varying concentrations of Ag + solution (or other metallic ions) were mixed and incubated at room temperature for 30 min. After adding 14 μL of 200 mM NaNO3 solution (the total volume was 100 μL), the resulting mixture was immediately subjected to SERS measurements.
Detection of Ag + in real samples
Different concentrations of Ag + solutions were prepared with tap water or lake water as solvents. Then, a certain amount of Ag + was added into systems that we have established, followed by SERS detection.
Results and Discussion
Sensing mechanism of SERS-based detection
Our biosensor strategy for the sensitive and selective detection of silver ions is illustrated in Scheme 1. The Ag + probe contains two parts: the cytosine-rich silver-binding sequence and the linker sequence.
AuNPs are decorated through mixed self-assembly with the C-rich DNA and Raman-active dye via electrostatic attraction. In the presence of Ag + , silver-mediated base pairs (C-Ag + -C) can be formed between cytosine residues from two Ag-binding sequences to give rise to a hairpin structure. After the addition of NaNO3, the aggregation of AuNPs occurs due to a lack of the protection of ssDNA, resulting in a strong SERS signal because of the plasmonic coupling of interparticles and the formation of many SERS ''hot spots''. In contrast, in the absence of Ag + , the strong electrostatic attraction of ssDNA with citrate-coated AuNPs prevents the nanoparticles from salt-induced aggregation, displaying a weak SERS signal.
To verify the feasibility of the method, a series of experiments were conducted. Crystal violet (CV) was selected as the Raman reporter molecule because of its distinct Raman signatures and electrostatic attraction with the citrate-coated AuNPs. As shown Scheme 1 Schematic illustration of C-rich DNA decorated gold nanoparticles surface-enhanced Raman-scattering platform for the sensitive and selective detection of silver ions.
in Fig. 1A , citrate-coated AuNPs decorated with CV gave a very weak SERS signal (curve a), which demonstrated that a certain amount of CV did not cause an appreciable aggregation of AuNPs. In contrast, a dramatically enhanced SERS signal characteristic for CV was achieved when the NaNO3 solution was added (curve b of Fig. 1A) , indicating the aggregation of AuNPs. Then, the present strategy was used for the detection of Ag + . As shown in Fig. 1A , in the absence of Ag + , no noticeable SERS signal was observed (curve c), showing that the Ag + probe existed in the form of single-stranded and adsorbed on the surface of AuNPs to protect the AuNPs from salt-induced aggregation. While in the presence of Ag + , the SERS spectrum was dramatically turned on (curve d of Fig. 1A) . The SERS peak at 1616 cm -1 gave an area of ~1.10 × 10 5 counts/cm, which showed a desirable signal-to-background ratio of ~35.8. The outcome of absorption spectral measurements shown in Fig. 1B was also very consistent with the above-described results.
A TEM investigation was also performed to further verify the difference of ssDNA and dsDNA in the protection of AuNPs from salt-induced aggregation. As shown in Fig. 2A , a C-rich DNA probe was found to interact with AuNPs to form a stable ssDNA-AuNPs complex. The ssDNA-coated AuNPs were dispersed, and their size remained unchanged. If Ag + was added, stable C-C mismatches of C-Ag + -C were formed, and the bare AuNPs aggregated to form large clusters in the presence of high concentrations of salt (Fig. 2B) . Such dense aggregates gave immediate evidence for the strong plasmonic coupling between AuNPs and a concomitant enhancement of the SERS signals.
Optimization of detection conditions
We then studied the effects of the concentration of CV and NaNO3 on the sensitivity of the sensor for Ag + . A maximal SERS signal was obtained when the final concentration of CV was 1 μM (Fig. 3A) . A high surface coverage of the reporter molecule made the nanoparticles difficult to be protected well by the ssDNA, so it was prone to aggregation when salt ions were introduced. Otherwise, the lower number of reporter molecules minimized the SERS signal from single nanoparticles. Meanwhile, optimization of the NaNO3 concentration was also important. A relatively low salt concentration cannot induce a sufficient aggregation of AuNPs, displaying a low SERS signal, while, a relatively high salt concentration may cause the aggregation of the AuNPs protected by ssDNA, giving rise to an increased background signal. It can be seen from Fig. 3B that the optimal SERS intensity ratio (~35.8) was achieved when 
SERS-based detection of Ag +
Consequently, under the optimized conditions mentioned above, quantitative and sensitive detection of Ag + was achieved by monitoring the SERS peaks of CV labeled on gold nanoparticles at varied concentrations (Fig. 4A) . A plot of the SERS peak intensity at 1616 cm -1 versus the Ag + concentrations revealed a dynamic correlation between the peak intensities and the Ag + concentrations in the range from 0.1 to 10 μM (Fig. 4B ). The detection limit was estimated to be 15 nM in terms of the rule of the three-times standard deviation over the blank response, which was much lower than the maximum level of silver in drinking water permitted by the United States Environmental Protection Agency (0.46 μM).
Specificity of the SERS assays and the detection of Ag + in real samples
To determine the specificity of the method, a series of control experiments between Ag + and other metal ions were performed. Figure 5A illustrated the SERS spectra in response to different metal ions. An intense SERS signal was observed for Ag + solution, while all other metal ions could not induce any detectable SERS signal at the same concentration. Figure 5B displays the corresponding histogram represented by the peak intensity at 1616 cm -1 . The high SERS intensity ratios (~20 -35) between Ag + and other metal ions indicates that our proposed sensor exhibits excellent selectivity.
The application of the proposed method was valued by detecting Ag + in drinking water and lake water samples through the standard addition method. The corresponding results are summarized in Table 1 , and have shown good agreement with the expected values, which demonstrated that our SERS technique can be applied to detect Ag + in environmental and biological fields.
Conclusions
In summary, we have reported a simple, rapid and label-free SERS sensor for the sensitive and selective detection of Ag + using unmodified AuNPs. It is based on the different absorption properties of ssDNA and dsDNA on citrate-coated AuNPs and the formation of a C-Ag + -C structure, which would cause the different states of AuNPs after the introduction of salt ions; then, the corresponding SERS signal transduction could be observed.
The proposed method shows relatively good selectivity for Ag + over other metal ions with a detection limit of 15 nM. Because this approach avoids common modification and separation steps usually used, as well as its rapidity and convenience in the qualitative analysis of Ag + in actual samples, it holds great potential for analytical applications and environmental monitoring. 
